Abstract-Based on the subsurface damage model and the material removal rate of K9 glass in HF acid solution, a fast method was proposed to calculate a set of parameters to characterize the subsurface damage of a polished sample. When micro cracks of the etched sample's subsurface can be clearly observed, by using image processing, lengths, widths, angles, densities of the micro cracks can be calculated and depths of the micro cracks may be predicted by the load-crack model. The set of the parameters, including length, depth, angle, density, and other parameters, can be considered as a complete description about subsurface damage of the sample.
I INTRODUCTION
High-precision components of hard brittle materials are applied by the area of energy, aircraft, defense equipment, IC, MEMS, and so on, because these materials have excellent physical, mechanical and chemical properties. The manufacturing processes of these materials usually include grinding, lapping and polishing. In the grinding and polishing process, the mechanism of material removal is mainly brittle fragmentation, so it is unavoidable to induce scratches, abrasions, micro cracks and other subsurface damage for a hard brittle optical component. SSD (subsurface damage) will not only affect the optical and mechanical properties of the high-precision components, such as reduced transmission performance, image quality, coating quality, anti-laser damage threshold, but also affect the strength of component directly, e.g., reducing the life and long-term stability of component [1] . Therefore, it has important significance for improving the manufacturing process and performance of the high-precision components by quantitative characterization of SSD for distribution of micro cracks within the damage layer, and then covering up the internal mechanism of the formation of micro-cracks. To successfully control and ultimately remove SSD, distribution and characteristics of fractures within the subsurface region introduced during fabrication process have been investigated.
Up to now, a number of detection technologies have been proposed to evaluate the SSD. They can be generally categorized into two types: destructive and nondestructive methods. The destructive methods, such as the bonded interface technique, taper polishing, MRF wedge, ball dimpling, MRF spotting chemical etching method, and so on, are intuitive and can get accurate results on many occasions [2] . But these methods are time consuming and labor intensive in generally, and with them the samples have to be destroyed. The non-destructive methods will not destroy the sample, and can rapidly evaluate the SSD by estimating them from surface topography and underneath information, which are usually measured by the laser scattering, confocal microscopy, total internal reflection microscopy (TIRM), optical coherent tomography or other tools. For most of the nondestructive methods, researches are mainly focused on the nonlinear relationship between the depth of subsurface damage and surface roughness [3] . The recent works tried to evaluate the SSD by the existing testing methods, e.g., laser-ultrasonic method [4] and light scattering techniques [5] .
The relationships between the depth of subsurface cracks and surface roughness have been widely investigated. By means of the relationships, one can convert problem of evaluating SSD to measuring topography of the surface. Under some assumptions, depth of micro crack can be calculated by using the indentation fracture mechanics model, and it can be used as a simple approach for predicting the depth of subsurface damage [6] . Due to the assumptions (e.g., the abrasive load is set as independent variable), when the above model is used for predicting the depth of subsurface micro cracks, the accuracy is low. For a sample prepared by grinding and lapping process, complex and random topography on the surface make it very difficult to realize rapid and accurate detection of subsurface micro cracks' depths.
In this paper, a quick method of calculating the SSD parameters of a grinding and polishing sample was proposed. The method starts from the etching of the sample. As the etching time was appropriate, all or most of the micro cracks under the sample's surface were opened and may be observed. The image was taken and an algorithm was programmed to process the image and label all the micro cracks. Combining with etching rate, fabricating process and the fracture model, we can get a set of SSD parameters of subsurface micro cracks, such as lengths, depths, angles, and densities. Experiments and discussion indicated that the method is a simple, rapid method of characterizing SSD of the high precision components.
II METHODOLOGY
It is not easy to directly measure lengths of micro cracks of an optical surface since the micro cracks hide under surface and mixed by pits, grooves, and other topography's forms. To measure lengths of the micro cracks, one will naturally turn to the etching process, with which the micro cracks can etched to a visible status. To attain to this goal, it just need to modulate etching parameters and time. When all or most of the micro cracks are etched to visible by a certain tool, the image which contains information of the micro cracks can be recorded.
As the image is processed by appropriate algorithm, it can find out micro cracks within the image and extract values of their lengths, widths, density and angles automatically. Furthermore, depths can also be calculated if there is a relationship between length and depth of a micro crack. The above algorithm used for image processing, was programmed with Matlab, as shown in Figure 1 . The image was firstly converted to gray scale image, and then to gray scale histogram, which describes the statistical information of the gray values. A proper gray value was chosen as threshold to split image based on gray values' distribution characteristic of gray scale, and the binary image could be obtained. Afterward, through comparing the advantages, disadvantages, and the effects of each operator, the log operator was chosen to realize edge extraction for subsequent processing. Then, after using the Hough transform to extract the information of straight lines in the image, the image was divided into several regions, according to the distribution of cracks. The longest segment of every region was detected, and its length, angle were got in sequence by using the method of the longest line extraction.
Processed by grinding and lapping, the sample will has fractures on its surface under grits, as shown in Figure2. Once a fracture has been initiated, it will grow to a depth(c) which is dependent only on the load (P) impressed on the indenter and the material properties of the substrate and the indenter [7] : 2 2 (1 ) (1 ) In a certain process, PT, N, h can be roughly considered as the fixed values, and Young's modulus for the substrate and the indenter, the fracture toughness of substrate are also known, so is a constant. In consequence, the vertical depth of each micro crack can be calculated according to its length. The relationship between the length and the depth of a micro crack provides us with a method of predicting the depth by measuring the micro length.
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III EXPERIMENTS

A. Sample preparation
The optical glass sample usually are processed by grinding and polishing. During these machining processes, the subsurface damages will be initiated [8] [9] [10] .
K9 glass (K9: SiO 2 =69.13% B 2 O 3 =10.75% BaO=3.07% Na 2 O=10.40% K 2 O=6.29% As 2 O 3 =0.36%) with size of 50×3 mm3 (sample a) and 10×2 mm3(sample b) were treated by CMP process, in which the CeO 2 with diameter 1 m was used as the abrasive particle.
B. Etching the sample
The wet chemical etching with BOE solution (buffered oxide etching; 40% NH 4 F, 49% HF ratio of 12:1) can (2) significantly speeds up to expose the surface and subsurface cracks [11] . A sample with Cr masking layer (sample a) was used to study the etching rate. It was entirely immersed into the BOE solution in the thermostatic water bath. Then the depth of the first sample's unmasked square hole was measured by a step surface profiler (Type: AMBIOS, XP-2), and the corrosion and measurement proceeded simultaneously in the interval of every ten minutes. Details of it may be found in reference [12] .
According to the etching rate, proper etching time was selected to make the micro cracks of the sample b be exposed entirely. Then the image of surface was taken by laser scanning confocal microscopy (Type: OLS4000, 5×)
IV RESULTS AND DISCUSSIONS
C. Etching result
The etching rate was shown in Figure 3 . Slope of the curve which described the change of etching depth over time under corresponding etching temperature was closed to straight line. It can verify that etching rate of the K9 glass increases with the temperature and when temperature keeps unvaried, the etching rate is approximately a constant. For 25 water bath, at first, etching rate was about 85+3 nm/min, and then declined to a stable rate 63+3 nm/min. According the etching rate, etching time was set as 1 hour in order to make the vertical removal depth was over 3um, so that all or most of micro cracks were exposed. The morphology of the sample after etching was shown in Figure 4 , in which every crevice should be a micro crack. Certainly here only the clear micro cracks are regarded as SSD, ignoring pits caused by surface defects. 
D. Result of Image processing
Image processing at different stage is shown in Figure 5 . Figure5.(a) shows that for the micro cracks, after etching experiment, widths of all micro cracks were constant, but lengths were different. The width is only determined by the etching time, and hence constant for a given sample. Figure5. (b) is the image of gray scale histogram which provides a basis for choosing a proper threshold to split image. Some cracks have different depths in different part of themselves, resulting in a fluctuation range of gray value in the gray scale image. If the threshold isn't proper, the image processing will produce certain error. The lager the deviation from the optimal threshold value is, the greater the error of binary image (Figure5. (c) ) is. Figure5. (d) shows edges of micro cracks. Those pixels whose surrounding pixels' gray values have step change in the image, where derivative of gray is larger or smaller, were used to detect the edge. The log operator has high location accuracy, but it doesn't have the edge orientation detection and can be affected by noise. De-noising processing was used to reduce the error caused by noise pollution. Then, after using the Hough transform ( Figure5. (e) ) to extract the information of segments in the image, the image was divided into several regions, according to the distribution of cracks. The longest segment of all the detected segments of every region, and its length, angle were got in sequence by using the method of the longest segment extraction (Figure5. (f) ). 
E. SSD parameters
Through processing the data information (length, depth, angle, density) obtained by Matlab, the table about the information of SSD statistical parameters was achieved. Here depths of the micro cracks were estimated by formula (2) and (3). Although the fabrication process of the sample is not as the same as that of formulas requires, the depth estimation can be used to demonstrate the whole process. Table I shows that the SSD of the substrate are mainly micro cracks and pits. The number of them is very close to each other. From Table I , it can be observed that the angles of micro cracks range nearly from 0 to 180 , falling in a wide range.
(a) (b) (c) Fig. 6. (a) The histogram of probability distribution about micro cracks' lengths, (b) The normal probability plot , (c) The histogram of probability distribution about micro cracks' angles.
According to the data, the histogram of probability distribution of micro cracks' lengths and angles can be drawn. The Figure6.(a) shows the histogram of probability distribution about micro cracks' lengths. The red curve in (a) represents a hypothetical normal distribution according to the mean and the standard deviation of lengths' data. The purpose of normal probability plot is to graphically assess whether the data of length could come from a normal distribution. If the data are normal distribution, the plot will be linear. In Figure6. (b) , the blue points represent the lengths of micro cracks, and the red line represents normal distribution data. The curve of blue points is linear. Besides, the data of length pass the normal distribution hypothesis test in which the significance level default is 0.05. The possibility that the crack length follows normal distribution is 95%. Therefore we may conclude that the length of micro cracks follows normal distribution, and its mean and standard deviation are 1.0691 m and 0.3653. Cracks' length focused on 0.7-1.2 m.
For a given sample made of certain material, the mean length, max length, min length is determined by the abrasive load and the size of abrasives. The distribution of the crack length can be related to the distribution of "effective" particle size. For a given grinding and polishing process, the distribution and the size of length and depth are possible to be determined.
The precision of calculating the length parameter is affected by the experimental error, measurement error, and image processing error, data processing error. The accuracy of depth not only relates to that of length, but also is affected by the error of material fracture model. Figure6.(c) , the probability distribution of micro cracks' angles follows with random distribution. In the polishing process, each abrasive of diamond cutter plays the role of a little cutter, and a number of abrasives which contact with the workpiece at different directions will make angles of micro cracks randomly.
As shown in the
By analysis, we may sum up the errors during the estimation of SSD parameters to three aspects: corrosion error, measurement error by microscopy, and the image processing error. 1) Corrosion error: Differential etching experiment reduces the influences caused by the temperature of environment and the concentration of etching solution, and thereby improves the accuracy of etching rate. However, method of measuring the etching rate inevitably brings forth error.
2) Measurement error: Since the image was taken by laser scanning confocal microscope, its resolution and accuracy will pass on the measured error to the fast calculation result.
3) Image processing error: After analyzing the gray scale histogram, an appropriate threshold was used to get binary image, and a proper log operator was chosen to extract edges of segments. Moreover, the image made de-noising. Details of algorithm will have difference on the calculated parameters.
V CONCLUSIONS
In this paper, according to the etching rate, an appropriate time was set to ensure the SSD be opened entirely. After processing the image which was measured by confocal microscopy, a set of parameters to evaluate the SSD was given. We can draw on the following conclusions.
1) Pits and micro cracks are the main part of SSD. The density is almost same everywhere.
2) The length and depth of micro cracks follow the normal distribution, which was decided by the distribution of "effective" abrasives and load. The length of micro cracks mainly concentrates near the mean length of all micro cracks, so the mean length of micro cracks reflects the order of severity of SSD to some extent. Micro cracks' depth can be calculated according to the length and damage-fracture mechanics model, so its distribution characteristics are similar to those of length. Besides, the depth is also decided by the properties of the substrate and indenter.
3) The angle of microcracks followed the random distribution which depended on the orientation of abrasives.
According to the information provided by the parameter system of SSD, we can choose appropriate grinding and polishing technology to machine material, so the establishment of SSD parameter system has a very important significance for optimizing the processing technology in order to reduce the SSD and improve the mechanical property and optical property of high precision optical component.
A fast calculation of SSD is available. Possible future research topics can be the choice of optimum processing technology and 3D finite differential model which is used to get the evolution of SSD of polished glass.
